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Abstract: A great deal of work has been done in the area of damage identification in structures using 
changes of modal parameters before and after damage. Most of the developments have been based 
on beam theory and applied to beam-like or truss structures. Few researchers have made 
contributions to damage identification of plate-like structures employing a damage index method, 
especially for timber structures. In this paper, experimental investigations on a laboratory timber bridge 
using damage index method for plate-like structures are reported. Experimental modal analysis was 
performed to extract essential modal parameters from test data. Mode shape curvatures derived from 
the mode shapes were utilised in a damage index method for plate-like structures to detect single and 
two damage scenarios in a timber bridge. The purpose of the study is to explore feasibility of using 
modal strain energy based methods for damage identification of plate-like structures. The results show 
that the damage index method for plate-like structures using higher modes provides reasonable 
damage localisation for single and multiple damage cases.  
Keywords: damage detection, timber bridge, damage index method, plate-like structures. 
1 Introduction 
In light of the long history of timber bridges in Australia, DOTARS [1] has estimated that a third of them 
are in excess of 50 years old and some of these bridges are functionally obsolete and are structurally 
deficient. Due to their age and ill health condition, it is necessary to perform periodic inspections to 
ensure the safety of people using these structures. Therefore, it is highly desirable to use 
nondestructive evaluation (NDE) to determine the material properties and/or structural capacity of 
individual members or that of the entire timber structure without impairing the members or the 
structure. Development of vibration-based damage identification in the laboratory or in the field in 
recent years has created opportunities for global NDE of timber structures [2-4]. Among various 
methods, a method developed by Stubbs based on changes in modal strain energy using one-
dimensional (1-D) beam theory as an indicator of localised damage or stiffness loss in a structure has 
been particularly promising [3-9]. In the literature, this method is often referred to as the damage index 
method. Nevertheless, few limited studies have been carried out on timber beams and timber bridges 
[7-9] in which the method of damage localisation was applied to timber beams. The studies showed 
the ability of the damage index method to successfully detect and locate the inflicted damage for 
single damage cases [6-7].  
Cornwell, Doebling and Farrar [10] extended the 1-D modal strain energy method to a two-
dimensional (2-D) modal strain energy method for application to plate-like structures. It should be 
noted that by decomposing a 2-D structure into beam-like elements, the 1-D strain energy method has 
been successfully used for detecting damage. It is assumed that the decomposition technique using 
the 1-D algorithm will not outperform the 2-D algorithm as it does not preserve the torsional stiffness 
between slices. There has been no work reported on using 2-D modal strain energy methods on 
timber structures, such as timber bridges.  
In this paper, the results of an experimental study conducted to investigate the capabilities and 
limitations of using the damage index method on plate-like structures for locating inflicted damage in 
timber bridges for single and multiple damage cases, are presented. A laboratory timber bridge was 
built and tested in the laboratory using experimental modal analysis. The data was then used in the 
damage index method for plate-like structures to locate damage.  
  
2 Description of test sample 
2.1 Undamaged laboratory timber bridge 
A four-girder timber bridge was built in the laboratory to apply the damage identification method to 
timber structures. This laboratory bridge model was scaled to maintain dynamic similitude 
representing real timber bridges in terms of their fundamental frequencies, which usually range from 
5Hz to 20Hz. The basic dimensions of the structure are shown in Figure 1. The bridge consisted of 
four girders of treated radiata pine sawn timber measuring 45mm x 90mm in cross section with a span 
length of 4.5m. The deck consisted of four pieces of 21mm think x 2.4m wide and 1.2m long structural 
plywood of grade F11. The deck and girders were connected using 50mm self-tapping screws with 
137.5 mm spacing. No gluing was applied in order to avoid fully-composite action, to simulate the 
interactions in a real timber bridge. The semi-composite action between the deck and girders allowed 
the transmission of vibrations from the plywood to the timber beam when excitation was induced at a 
position on the plywood situated above a girder. The moisture content of the beams was measured to 
be around 7-8% and for the plywood was around 11-12% using a wood moisture detector. The ends of 
the bridge girders were supported on concrete blocks, and rigidly connected to the strong floor. A 
specially designed support system was used between girders and the concrete block to ensure a well-
defined boundary condition that is very close to a pin-pin condition. The laboratory timber bridge, 
namely Deck2, was used to designate the undamaged state as denoted by D2. The results form the 
basis of comparison for various damage cases utilising the extracted modal parameters and their 
derivatives.   
 
Figure 1. Geometric configuration of the laboratory timber bridge. 
2.2 Inflicted damage in the laboratory timber bridge 
The goal of this study was to detect damage typically found in timber bridges, using the proposed 
modal-based damage detection methods to locate damage (single and multiple damage scenarios) on 
a laboratory timber bridge. The inflicted damage cases considered are described in Table 1. In all 
damage scenarios, the damage consists of a rectangular opening along the span of a girder starting 
from the soffit, located either at 2/8, 4/8 (midspan), or 6/8 of the span length to simulate pockets of rot 
that usually starts from the top surface in timber girders. In this study and the discussions that follow, 
S denotes severe damage. All inflicted damage are 1% of the total span length (45mm) and consist 
of 50% of the beam depth, designated as damage case S  as shown in Table 1. The inflicted damage 
can also be interpreted as loss of I (moment of inertia) from the depth of cut. The loss in section of 
50% (S) of beam depth corresponds to 87.5% loss of I.  
Table 1. Dimensions of inflicted damage in the bridge. 
Damage 
Case 
Damage 
Scenario 
Location per 8th of span length/Girder 
number 
Length l 
 (mm) 
Depth h 
(mm) 
% loss 
of I  
Deck 2 D2 Undamaged - - - 
1 g2S 6 (3.375m)/g2 45 45 87.5 
2 g2Sg4S 6 (3.375m)/g2, 4 (2.25)/g4 45 All 45 All 87.5 
3 g2Sg4Sg3S 6 (3.375m)/g2, 4 (2.25)/g4, 2 (1.125)/g3 45 All 45 All 87.5 
  
Notes: gi = girder No. i; S = representing severe damage; (e.g. g2Sg4Sg3S denotes a cumulative damage scenario of severe 
damage on ¾ span of girder 2, ½ span of girder 4 and ¼ span of girder 3)  
3 Experimental modal analysis  
The instrumentation layout used during the experimental modal analysis is shown in Figure 2. An 
impact hammer was used to excite the laboratory timber bridge. Nine accelerometers were used to 
measure dynamic response of the test sample line by line, covering eighty one measurement locations 
(9 lines). One additional accelerometer was used as the driving point measurement. Each 
accelerometer was connected to a magnetic base for attaching onto a small s teel plate that was 
screwed onto the top of the deck. These accelerometers were located at 1/8 intervals of the span 
length starting from one end of the laboratory timber bridge as shown in Figure 2. The impact location, 
at ¾ of the span length of girder 2, was selected so that more modes can be excited, simultaneously. 
The HP E1432A and LMS software were used to record the dynamic response at 10,000Hz sampling 
rate for 8,192 data points. Frequency domain direct measurement curve-fitting technique was used to 
obtain the eigenvalues and eigenvectors of the measured data (Frequency response function, is a 
ratio of output signal over input excitation. In a linear system, the output signal is proportional to the 
excitation force, thus consistency of impact is not affecting the final results). From the experimental 
modal analysis, nine vibration modes were captured. The resulting mode shapes are shown in Figure 
3.  
 
Figure 2. Instrumentation used for experimental modal analysis. 
 
 
mode 1 (1st flexural  9.06Hz) 
 
mode 2 (1st torsional  9.49Hz) 
 
mode 3 (1st transversal  18.07Hz) 
 
mode 4 (2nd flexural  24.17Hz) 
 
mode 5 (2nd torsional  25.32Hz) 
 
mode 6 (2nd flexural & 1 st transversal  
35.45Hz) 
 
mode 7 (2nd transversal  37.06Hz) 
 
mode 8 (2nd flexural & 2nd transversal  
49.71Hz) 
 
mode 9 (3rd flexural  59.25Hz) 
Figure 3. Experimental 81-point mode shapes for the laboratory timber bridge. 
  
4 Damage identification  
4.1 The damage index method 
Cornwell, Doebling and Farrar [10] extended the damage index method for beam-like structures to 
include the detection of damage for plate-like structures characterised by a two dimensional mode 
shape slope and curvature. The algorithm used to calculate the damage index for the jth element and 
the ith mode, bij, is given below for detecting location of damage. 
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 (1) 
It should be noted that in (1) n represents Poissons ratio and the term ¶ 2fi /¶ x2 is a vector of second 
derivatives of mode shape coordinates (curvatures) with respect to x-axis. Similar convention is 
applicable to second derivatives with respect to y-axis and cross derivatives with respect to x- and y-
axes. This equation denotes a matrix describing the mode shape curvatures corresponding to mode i 
for a bridge structure. The asterisk denotes the damage cases. To account for all available modes, 
NM, the damage indicator value for a single subregion jk is given as: 
å
å
=
==
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i
ijk
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i
ijk
jk
Denom
Num
1
1b
  (2) 
where NUM ijk = numerator of bjk  and DENOM ijk = denominator of bjk in (1), respectively. 
Transforming the damage indicator values into the standard normal space, normalized damage index 
Zjk is obtained: 
jk
jk
jk
jkZ
b
b
s
mb -
=
 (3) 
where mbjk  = mean of bjk values for all subregions jk and sbjk  = standard deviation of bjk for all 
subregions jk. A judgment based threshold value is selected and used to determine which of the 
subregions jk are possibly damaged which in real applications is left to the user to define based on 
what level of confidence is required for localisation of damage within the structure.  
4.2 Reconstruction of the mode shapes 
The effectiveness of damage localisation method, introduced above, is closely related to the number 
of elements of the structure or components. The number of elements to be used by damage detection 
is dictated by the number of sensors used for the measurement.  In order to produce reliable and 
accurate results, a relatively large number of sensors are required to produce the fine coordinates of 
the mode shapes. In the field applications or experimental testing, the evaluation of the coordinates of 
the mode shape vectors is limited by the number of sensors used in the testing which is often far less 
than what is desired. To overcome this limitation, techniques for reconstructing mode shapes, to 
increase the number of coordinates, are proposed. In this paper, a mode shape reconstruction 
technique namely, Cubic Spline, was used for reconstruction of the mode shapes. The measured 
mode shape coordinates can be interpolated using the technique to generate mode shape vectors of 
greater length in two-dimensions (2-D).   
5 Results and discussion  
For the results presented here, the damage indicator, Zjk, for each of the damage cases is plotted 
against the laboratory timber bridge span length (4.5m) and width (2.4m). In principle, when the 
statistically normalised damage indicator value of Zjk for a given location is larger than or equals to 
  
two (the probability-based criterion for damage), it is considered that damage existed at that location. 
To show the damage site in the graphs, the actual damage locations are marked by an arrow with 
word Damage in all figures. For damage localisation of the laboratory timber bridge, the contour plots 
were utilised to provide information on predicted damage locations with Zjk³2. 
5.1 Effects of mesh density 
The comparison of damage localisation results between the as is data and the interpolated data 
using 2-D cubic spline was demonstrated using the damage index for plate-like structures 
(abbreviated as DI-P) with the first nine modes of various damage scenarios. It is clear that without 
sufficient number of sensors, the algorithm will fail to locate all damage locations (Figure 4a). From the 
contour plot of Figure 4a, using the as is data in the calculation of damage indicator using the first 
nine modes, failed to locate the damage at position (2.25m, 2.1m), which is 2.25m along the span 
length and 2.1m across the width (the convention of (2.25m, 2.1m) is used in the following 
discussions) for case g2Sg4Sg3S. Using the as is data in the DI-P method was able to detect two out 
of three severe damage locations, but it is considered insufficient as it would potentially pose a major 
threat to a structure if any severe damage was not detected. However, by using the expanded data 
using cubic spline method, all three severe damage locations were detected (Figure 4b).  
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(a) As is (9 modes).  
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(b) 2-D cubic spline (9 modes).  
Figure 4. A three damage scenario case for the bridge (g2Sg4Sg3S). 
5.2 Damage index methods for Damage Identifications 
For cases involving detection of a single damage in a structure using damage index method for plate-
like structures (DI-P) with either the first three or the first nine modes are illustrated in Figure 5. For 
single damage cases using the first three modes, the damage indicator is unable to clearly identify the 
damage location at position (3.375m, 0.9m) for damage case g2S corresponding to severe damage 
(Figure 5a). However, similar damage case was identified with the first nine modes in the calculation. 
For damage case g2S as i llustrated in Figure 5b, the damage location is detected quite reasonably 
even though there are false positives (indication of false damage locations). For single da mage cases, 
comparing the results of using the first three and the first nine modes using the DI-P method shows 
that incorporating higher modes provides better results than just using the three lower modes. This 
highlights the need for sufficient number of sensors to capture higher modes of vibration. 
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(a) g2S (3 modes). 
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(b) g2S (9 modes). 
Figure 5. Single damage cases using DI- P method for bridge. 
The two damage cases considered using the DI-P algorithm are shown in Figure 6. From the results of 
using the first three modes (see Figure 6a) and the first nine modes (see Figure 6b), basically all 
severe damage locations at positions (3.375m, 0.9m) and (2.25m, 2.1m) were identified for damage 
case g2Sg4S. However, the damage identification using the first three modes provided a misleading 
reflection of damage severity. This is seen in the contour plot of Figure 6a for damage case g2Sg4S 
Damage Damage 
Damage 
Damage Damage 
Missed 
Damage Damage 
Damage 
  
with 3 modes where the damage indicator has provided a misleading representation of the probability 
of existence of damage for severe damage at position (3.375m, 0.9m). It is obvious that the severe 
damage at position (2.25m, 2.1m) has a larger index value (higher probability to be identified as a 
damage location) compared to severe damage at position (3.375m, 0.9m), despite the fact that they 
were inflicted with the same level of damage severity. On the other hand, the contours plot of Figure 
6b (using 9 modes) shows that both severe damage locations yield a relatively similar damage index 
value. This indicates that both the severe damage locations have similar probability to be identified as 
damage.  For the two damage location cases, using the first nine modes in the damage localisation 
algorithm for plate-like structures offers a better damage indication compared to using just the first 
three modes. 
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(a) g2Sg4S (3 modes). 
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(b) g2Sg4S (9 modes). 
Figure 6. Two damage cases using DI- P method for bridge. 
6 Conclusion  
The modal strain energy based damage identification algorithm for plate-like structures (DI-P) is 
capable of detecting single damage in a timber structure using higher modes but will experience some 
problems when lower modes were used. The results of experimental investigations also show that the 
DI-P algorithm is capable of locating two damage scenarios using the first nine modes.  The study also 
found that the Cubic Spline method is a suitable technique for reconstructing mode shape vectors with 
finer coordinates compared to just using the as is data. 
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